The frequency regulation has become one of the major subjects in microgrid power system due to the complexity structure of microgrid. In order to solve this problem, this paper proposes an improved linear active disturbance rejection control algorithm (ILADRC) that can significantly improve system performances through changing feedback control law to reduce the disturbance estimation error of extended state observer. Then, the proposed algorithm is employed in microgrid power system frequency regulation problem, which demonstrates its effectiveness. The parameters of controllers are optimized by particle swarm optimization (PSO) algorithm improved by genetic algorithm (GA). Simulations with different disturbances including sudden and stochastic change of load demand and wind turbine generation are carried out in comparison with previous studies. And robustness testing based on Monte-Carlo approach also shows better performance. So frequency stability of microgrid power system can be well guaranteed by proposed control algorithm. optimization the PI-based controller parameters by Das D.Ch. et al. [7] and the optimized microgrid power system has excellent performances about frequency regulation. Moreover, Bevrani H. et al. [8] adopt an intelligent frequency controller with the combination of fuzzy logic and particle swarm optimization technique to achieve better performances in frequency regulation comparing with the pure fuzzy-PI controller. Sekhar P.C. et al. use an adaptive-predictor-corrector-based neurofuzzy controller for PV to increase the system stability [9] and concern a solid oxide fuel cell-based power generation system with sliding mode control technique in [10] . Then, the decentralized multi-agent system is executed to achieve a cooperative frequency recovery in microgrid power system [11] . Moreover, the active disturbance rejection control (ADRC) algorithm is well applied to conventional power system frequency control [12] and the effectiveness of the ADRC controller and the outperformance over PI controller have been verified by the simulation results. The stability and robustness of ADRC controller are also illustrated. Then, the difficulties of tuning ADRC controller parameters motivated by Yan B. et al. to propose LADRC algorithm which only has three or two tuning parameters in general [13] . And large quantities of load frequency control problems are solved by LADRC because of its simplicity and feasibility [14] .
Introduction
Due to the urgent need to reduce pollutant emissions and energy shortages, it is critically required to substitute fossil fuel energy by large amount of renewable energy sources (RESs), which simultaneously yields the increasing uncertainty and complexity of the entire power system. In order to deal with the technological problems caused by the high-penetration of RESs, the Consortium for Electric Reliability Technology Solutions (CERTS) firstly proposed the microgrid concept in 1998, which integrates loads and microsources (e.t. diesel generator, fuel cell, wind turbine generator, photovoltaic panel) to operate as distributed generations while connecting to power grid. On the islanded mode, each unit collaborates for the stability of microgrid. Different from the traditional power grid, in renewable energy generators, the extensive use of electronic power convertors significantly reduces the rotating inertia of microgrid, and then results in greater frequency fluctuation if there exists load-generator imbalance [1] , which often causes undesirable influence on the stability of the entire system. Therefore, it is of significantly practical and theoretical importance to adopt appropriate control strategies to ensure the stability of frequency regulation [2] .
In the past few years, many scholars conduct intensive study for load frequency control problem [3] . Controllers based on a great variety of control algorithms such as PI, Fuzzy-PI, H∞ control and sliding mode control, are adopted to obtain better performance. Senjyu T. et al. [4] and Lee D.J. et al. [5] consider a microgrid power system based on the conventional PI controller. Although the simulation results indicate that the system has satisfactory performance, there still exists extensible space. Then, the coordination control is implemented in the autonomous microgrid power system in [6] and the validity of proposed control strategy in frequency regulation has been demonstrated. On the basis of previous research achievements, Genetic Algorithm is used for
System Configuration
This paper is concerned with the islanded microgrid with combination of variable-speed wind turbine generator (WTG), diesel generator (DG), fuel cell (FC), aqua electrolyzer (AE) and load demand. Figure 1 depicts the microgrid system configuration [15] . The first dashed box in Figure 1 includes the circuit breakers, which are used to disconnect the correspondent feeder and associated unit. The second dashed box includes microsource controllers (MC) and load controllers (LC), which are used to control the microsources and controllable loads, respectively. The combination of WTG, DG and FC provides power for load consumption. Meanwhile the AE absorbs power to produce hydrogen for FC consumption and more importantly, it can rapidly maintain frequency stability by compensating the power fluctuation. In the system stable state, units satisfy the following equation
where P WTG is the power generated by WTG, P DG is the power generated by DG, P FC is the power generated by FC, P AE is the power absorbed by AE and P L is the load demand. The frequency fluctuation depends on the variation of generating power. And when system power is out of balance, the frequency deviation can be calculated by
where ∆ f is the frequency deviation of system, ∆P is the power deviation of system and k is the system frequency characteristic constant. When it comes to actual practice, the delay in the frequency characteristics should be considered. Hence, according to [4] , the above equation can be transformed into the following equation:
where G sys is the system transfer function, M and D are equivalent microgrid power system inertia constant and damping constant, respectively. The values of parameters are given in Table 1 [5]. 
Diesel Generator Model
Diesel generator is an important component of the islanded microgrid power system, which can operate as the main power output of the entire microgrid once the WTG power suddenly turns to zero or the FC power is limited by the fuel quantity in storage tank. On the other hand, DG can also provide dynamic response for the imbalance of system power. In this paper, a second-order lag transfer function model of DG is concerned which can almost describe the actual model. The transfer function and parameter values are given in (5) and Table 1 , respectively [5] .
Aqua Electrolyzer Model
The practical aqua electrolyzer (AE) decomposes water to hydrogen and oxygen by absorbing power from grid. And the hydrolysis process is a nonlinear system. However, the electric process can be expressed by a first-order model and this is the only concerned process that can influence control performance [16] . The transfer function and parameter values are given in (6) and Table 1 , respectively [5] .
Fuel Cell Model
Fuel cell power that is generated through the electrochemical reaction with hydrogen and oxygen can be produced without noise and be controlled flexibly. The power generation process of FC is not only the simple relationship between current and voltage, but also that among the fuel flow, temperature and pressure that together affects the output voltage [17] . Although the first-order lag transfer function can roughly describe this process, the FC mechanism model including more system characteristics is closer to the actual process obviously, while introducing complexity, nonlinearity and high-order characteristic, which bring difficulties for controller design. However, the LADRC controller in this paper can solve this problem with simple structure.
Generally, FC consists of three different sections as follows [18] 1. Fuel processor. 2. Power section. 3. Power conditioner.
In this paper, power section and power conditioner are both considered since that the fuel is supplied by AE in the microgrid.
The fuel utilization is usually calculated by
where U is the fuel utilization, q H 2 r is the input hydrogen flow, q H 2 in is the used hydrogen flow. And q H 2 r and q H 2 in are, respectively, (8) and (9) . The restriction of current in actual practice is described by (10) [10] . Furthermore, the fuel cell and net voltage is described by Nernst's Equation (11) which is related to temperature, partial pressure and the Gibbs free energy. And the output power is calculated by (12) . The entire model of FC is depicted in Figure 2 and the parameter values during the simulation is listed in Table 2 .
where P H 2 , P O 2 and P H 2 O are the pressure of hydrogen, oxygen and water, respectively. And I REF denotes the reference current from controller, P FC denotes the net power, E FC denotes the net voltage and I FC denotes the net current. 
Varaible-Speed Wind Turbine Generator Model
The application of power electronic convertors decouples rotation speed of generator from grid frequency, and this also decouples the inertia of wind turbine generator from mitigating microgrid transients [19] . Eventually, these power generators are unable to contribute to the frequency regulation as usual, which causes great reduction of power system frequency stability. Many high quality literatures focus on wind turbine generator and propose effective control strategies for frequency regulation [20, 21] . And in order to solve this problem, effective control schemes based on variable-speed wind turbine control model are proposed [21, 22] .
The generated mechanical power in variable-speed wind turbine model is as (13) 
where ρ denotes air density, V ω denotes wind speed, θ denotes pitch angle and λ denotes the ratio of rotor tip speed to wind speed. And the power coefficient C p is as (14)
On the one hand, if the power is below 0.75 p.u., the reference speed ω re f can be obtained by measured electric power following (15) . On the other hand, if the power is above 0.75 p.u., the reference speed is 1.2 p.u. [23] .
where P is the measured electrical power.
For the purpose of releasing the variable-speed WTG inertia and sharing the resultant energy to the grid following the grid frequency oscillation, a method about inertia control [24] is put forward, in which a supplementary control loop is added to enhance the response speed according to grid frequency deviation. The variable-speed wind turbine generator model with supplementary control loop is described in Figure 3 and parameters value used for simulation are shown in Table 3 [24] . The supplementary control loop adds an extra power as soon as frequency deviation is detected in the power grid. And k f is the contribution coefficient of wind turbine generator in system frequency regulation. According to Figure 3 , with the increasing of the value of k f , the output power of wind turbine generator will increase, which improves the frequency dynamics of power system. And this paper sets k f to a fixed value 4 to compromise relative improvement of frequency regulation and prevention of the system instability. 
Proposed Control Strategy
On the basis of aforementioned models, the whole microgrid power system control strategy is depicted in this section. And the improved LADRC theory and optimization algorithm are proposed respectively.
Traditional LADRC Theory
Due to the complexity and nonlinearity of the multi-object microgrid power system, it is extremely necessary to design a more effective controller to obtain better control performance. Then LADRC controller is considered in this paper. The active disturbance rejection control (ADRC) algorithm which is developed from nonlinear PID control inherits the advantages of conventional PID control and remedies its disadvantages simultaneously. And the ADRC widely attracts the researchers' attention by its independence of accurate object model and the outstanding robustness for uncertain systems. Moreover, the system control precision under the influence of strong uncertain disturbance is ensured due to the powerful anti-disturbance ability of ADRC. Although there are obvious excellences in ADRC, the complexity in parameter tuning process also brings great difficulties for researchers and this motivates linear ADRC. Based on the general third-order LADRC controller which can control the high-order process [25] , this paper proposes an improved LADRC algorithm. The traditional third-order LADRC structure is depicted in Figure 4 and the controlled process is followed by (16) 
where y denotes the system output, u denotes the controller output, d denotes the system external disturbance, b denotes the process parameter with estimation value of b 0 , and f denotes the system disturbance consisting of system external and internal disturbance. The state space equation is in the following (17)
And in order to estimate the value of y,ẏ and f , the linear extended state observer (LESO) is described as (18)       ż
And parameters of observer gain is given in [26] as (19) [β 1 , β 2 ,
where ω o denotes the observer bandwidth.
In the duration of parameters tuning process, z 1 , z 2 , z 3 should track y,ẏ, f respectively. The disturbance compensation is as (20) , and the control system is converted into an integral cascade as (21) .
So the PD control law is as (22) .
where [26] k p = ω 2
where ω c is the controller bandwidth.
The Improved LADRC Algorithm
As mentioned above, z 1 , z 2 , z 3 are designed to track y,ẏ, f respectively. The core concept of LADRC is to approximate the entire system to a nth-order differential equation through estimating the system external and internal disturbance. Based on this approximation, PD control law can be easily designed to control the complex system. Although the expended state observer is proved to be stable in the long term, there still exists estimation error of state variables at the beginning of controlling process, which can adversely affect the controller performance. Therefore, it is of significantly practical and theoretical necessity to reduce the error of estimation. This paper recognizes that the LESO output z 1 and z 2 , which respectively track the state y andẏ, can be directly replaced by the system output y and the differential of y and the structure is as Figure 5 . That is, the control law of (22) is replaced by (24) . During this controlling process, the negative effect of the estimation error of z 1 and z 2 is avoided and the parameters only need to minimize the estimation error z 3 , which reduces the stress of linear extended state observer and increases estimation accuracy. This modification can avoid the influence of estimation error of z 1 and z 2 . Theoretically, the improved LADRC algorithm has stronger control ability with comparison of traditional LADRC algorithm, and simulation results will be analyzed in Section 4.
Supplementary Control of Aqua Electrolyzer
In the control process, it is impossible for AE to reduce its output while AE is operating at the point of zero, which will lead to degradation of system performance. Taking this situation into consideration, this paper proposes a supplementary control loop based on the original controller in Figure 6 , where u C is the controller output, u AE is the final control output, and T is assumed to be 5 s. This control loop ensures that the output of AE can always operate at the setting point. The supplementary control loop effectively solves the aforementioned problem. More importantly, it widens the adjustment range of AE under any circumstances. 
Parameter Optimization
Particle swarm optimization is widely used in optimization problems. And W. Liu et al. [27] propose the improved PSO based identification algorithm that can optimize parameters in real-time. However, for briefness, this paper employs GA-based PSO algorithm, which can avoid falling into local minima and obtain desirable parameters through searching in a wider range. The hybrid optimization algorithm includes the following six steps. In order to accelerate optimization speed and enhance optimization efficiency, the fitness function is described by the rate of change of frequency (RoCoF) and the integral of time-weighted absolute value of the error (ITAE), and it is following (25)- (27) .
Fitness Value = t|∆ f |dt + t| d f dt |dt (27) The optimized parameters of improved LADRC, LADRC, PI and Fuzzy-PI controllers are given in Tables 4-6, respectively. The Fitness Value curve of ILADRC controller is presented in Figure 7 . Table 5 . The parameters of LADRC controller used for simulation.
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The Overall Control Strategy of Microgrid Power System
Combined with the model described in Section 2 and the control strategy mentioned above, the overall control strategy of microgrid power system is depicted in Figure 8 . Because of the excellent independence on the plant model and robustness of ILADRC, the general third-order ILADRC controller is employed as the controllers of DG, FC, and AE. While the system is in steady state, the deviation of frequency is expected to be 0, which means the set point of controller is 0. The frequency deviation ∆ f is the input of ILADRC controller, which is equal to y in Figure 5 . Through controlling the output of each energy sources to maintain the balance of active power output and load demand, the deviation of frequency can be stabilized to zero point. 
Simulation Results and Analyses
In this section, the effectiveness of the proposed control strategy is verified by the following three simulation experiments. Microgrid power system is in steady state and each distributed unit is operating at setting point initially. All of the simulations are based on MATLAB/Simulink environment and the step time is 0.001s. The controller parameters are given in Tables 4-6.
Study on Load Power Change with Stable Wind Power
The simulations in this section are based on the model depicted in Figure 8 . The controller block in Figure 8 adopts the general three-order LADRC controller described in Figure 5 with comparison of the general three-order ILADRC controller described in Figure 4 , PI controller and Fuzzy-PI controller.
In order to investigate the system performance with step change in load demand, the load power suddenly decreases from 1.0 p.u. to 0.8 p.u. at 1 s and increases from 0.8 p.u. to 1.0 p.u. at 1 s, respectively. And the output power of wind turbine generator is supposed to be stable.
After the load demand decrease of 0.2 p.u. at 1 s, the transient response of system power exchange ∆P and system frequency deviation ∆ f are described in Figures 9 and 10 , respectively. The comparison results of ILADRC, LADRC, PI and Fuzzy-PI are shown in Table 7 . With load demand decreasing, the overshoot value of ILADRC controller is −0.0074 Hz, which is considerably better than −0.0192 Hz, −0.0525 Hz and −0.0525 Hz derived by LADRC, Fuzzy-PI and PI controller, respectively. It can be obviously found that the settling time of frequency regulation based on ILADRC controller is reduced to 0.184 s and the sum of value of ITAE and RoCoF is reduced to 0.0303. All the simulation results declare the excellent performance of ILADRC controller. And the transient power responses of each energy sources based on ILADRC controller are depicted in Figure 11b -e. The simulation results with +0.2 p.u. change of load demand at 1 s are shown in Figures 12-14 and Table 7 , the analyses are the same to the above and this paper is not going to analyze them again. 
Study on Load Power Change with Stochastic Wind Power
As aforementioned in Section 4.1, the simulations in this section are also based on the model depicted in Figure 8 . The controller structure and parameters are following Figures 4 and 5 and  Tables 4-6 . However, this case considers the stochastic characteristic of wind power and load demand.
There are numerous unpredictable disturbances such as the randomness of wind speed and load power, which determines that the anti-disturbance ability is of significantly importance. First of all, the anti-disturbance analyses considering of stochastic ∆P WTG and ∆P L are studied. System frequency deviation ∆ f with stochastic ∆P WTG based on ILADRC, LADRC, PI and Fuzzy-PI controller are described in Figure 15a -d, respectively. And the stochastic characteristic of wind power and load demand are shown in Figures 16 and 17 , respectively. Same simulation results considering of the stochastic ∆P L and both stochastic ∆P WTG and ∆P L are described in Figures 18 and 19 , respectively. According to Table 8 , the frequency fluctuation of microgrid system with the ILADRC is in an extremely smaller range than others, and average frequency fluctuation is also the smallest. It is obviously that the ILADRC controller has the best anti-disturbance capability. Furthermore, this paper researches the circumstance with stochastic power of wind turbine generator and +0.2 p.u. change of load demand at 1 s. The simulation results are presented in Figure 20 and Table 9 . It is easy to observe that the performance of ILADRC controller is better than others. Its overshoot −0.0127 Hz and ITAE 0.0131 are both better than those with LADRC, Fuzzy-PI and PI. However, the value of RoCoF is meaningless because the stochastic characteristic of wind power can cause tremendous variability of frequency and power. 
Robustness Analysis
Based on the aforementioned system model and control strategy, this section studies the robustness capability of ILADRC algorithm. The complexity and uncertainty of the microgrid composition determines that the parameters of the microgrid system may vary within an uncertainty range. And if the controller is difficult to deal with the variety of parameters, undesirable challenges and even collapse will be encountered. Consequently, it is of great importance to evaluate the ability of the system to tackle this situation. As previously analyzed, Monte-Carlo experiment is carried out to verify the robustness of system. With system parameter M and D variation within 10% for 200 times, the simulation results are presented in Figure 21 . The changes of system with the ILADRC approach is almost negligible. However, traditional LADRC, Fuzzy-PI and PI based system have wider distribution. The result indicates that the ILADRC has better robustness capability. 
Conclusions
This paper studies on the microgrid power system with configuration of variable-speed wind turbine generator, diesel generator, fuel cell, aqua electrolyzer and load demand. The ILADRC algorithm can greatly improve the stability and robustness of system. Furthermore, the supplementary control loop of aqua electrolyzer is also proposed to enhance system control ability. And the parameters of controllers are optimized by GA-based PSO algorithm. Then, in order to increase the optimization efficiency, this paper adopts the sum of the rate of change of frequency (RoCoF) and the integral of time-weighted absolute value of the error (ITAE) to be the fitness value. Adequate simulation experiments are completed to demonstrate the effectiveness of the proposed algorithm and the results indicate that improved LADRC controller can provide better performances comparing with traditional LADRC, PI and Fuzzy-PI controller. Moreover, the results also reveal the capability of anti-disturbance and excellent robustness of system with the proposed ILADRC algorithm.
Nowadays, DC microgrid is demonstrating the advantages over AC microgrid [28] . The higher system efficiency, higher system stability, and lower system cost make DC microgrid become an increasingly popular solution for small-scale power systems. Theoretically, the proposed ILADRC algorithm in this paper also has the potential to be adopted into DC microgrid. Moreover, because of the interaction between frequency regulation and voltage regulation, it is meaningful to take consideration of this situation in the future work.
